Publisher statement: Kröger, E. A. et al (2007). The structure of the V2O3(0 0 0 1) surface: A scanned-energy mode photoelectron diffraction study. Surface Science, Vol .601, pp. (0001) and Cr 2 O 3 (0001) surfaces based on low energy electron and surface X-ray diffraction methods. However, the PhD investigation fails to provide definitive evidence for the presence or absence of surface vanadyl (V=O) species associated with atop O atoms on the surface layer of V atoms. Specifically, the best-fit structure does not include these vanadyl species, although an alternative model with similar relaxations but including vanadyl O atoms yields a reliability-factor within the variance of that of the best-fit structure.
Introduction
Vanadium oxides play a major role in practical heterogeneous catalysis [1] and have therefore attracted significant attention in model surface science studies. In the case of vanadium sesquioxide, V 2 O 3 , interest in the bulk electronic and crystallographic properties has also been pursued due to the existence of a metal-insulator Mott transition that can be induced around room temperature by modest elevated pressures or slight doping by Cr or Ti (e.g. [2] ). Like most oxides, a combination of factors including the difficulty of obtaining good single crystals, of finding a reliable and repeatable method of surface cleaning, and charging in the case of insulating crystals, means that almost all recent surface studies of V 2 O 3 surfaces, invariably the (0001) surface, have been conducted on epitaxial thin films grown in situ in the UHV surface science chamber [3] .
Well-ordered V 2 O 3 (0001) films, as characterised by the low energy electron diffraction (LEED) pattern, have been grown on a range of substrates including W(110) [4] , Cu 3 Au(100) [5] , Au(111) [4] , Pd(111) [6, 7, 8, 9, 10] and Rh(111) [11, 12, 13] .
A key starting point in understanding the electronic and chemical properties of any surface is knowledge of the surface structure. However, quantitative experimental structural data on oxide surfaces is generally sparse, and in the case of V 2 O 3 (0001) there appear to have been no such study by any method. Instead, the surface structure has been inferred from scanning tunnelling microscopy (STM) with atomic-scale resolution, and from theoretical total-energy calculations [14, 15, 16, 17] . Clearly there is a need for detailed experimental information on this structure. All that is known for certain experimentally (based on the LEED pattern and STM images reported in these existing publications) is that the surface of the as-prepared epitaxial films have a (1x1) surface mesh consistent with an absence of any surface reconstruction.
Two key questions relate to the structure of the V 2 O 3 (0001) surface, namely the nature of the surface termination, and the magnitude of relaxations of the atomic positions in the near-surface region relative to the underlying bulk structure. At room temperature the bulk structure is trigonal (space group 3 R c ) and can be represented by a hexagonal unit by these alternative methods of depleting the vanadyl surface coverage [4, 13] .
Interestingly, a low energy ion scattering spectroscopy (ISS) study of a V 2 O 3 (0001) film grown on Cu 3 Au(100), combined with STM, concluded that the surface structure was a double-metal rather than single-metal termination, although with a fractional coverage of O atoms; interestingly, the possibility that these O atoms occupied atop sites, as in the expected vanadyl species, was specifically excluded [5] .
While there are no quantitative experimental structural studies of the V 2 O 3 (0001) surface, there have been some investigations of this type on the (0001) face of Al 2 O 3 [19, 20] and Cr 2 O 3 [21, 22] using quantitative LEED [20, 21] and surface X-ray diffraction (XRD) [19, 22] . All of these investigations find that the half-metal termination of the surface is favoured (although the XRD study of Cr 2 O 3 found evidence of significant Cr occupation of interstitial sub-surface sites), and that the outermost layer spacings are strongly contracted relative to the ideal bulk structure termination. An ion scattering study of the Al 2 O 3 (0001) surface came to a similar conclusion [23] . Vibrational spectroscopy data have been interpreted in terms of the presence of a chromyl (Cr=O) surface species (with O atoms atop the Cr atoms of the surface metal half-layer) on the epitaxial thin films grown on Cr(110) [24] , similar to the vanadyl species proposed to terminate as-grown films of V 2 O 3 . However, the LEED study of this surface does not appear have considered the possible influence of the presence of such a species in the structure determination.
Interestingly, the LEED study of Al 2 O 3 [20] did include consideration of a structural model including atop O atoms such as might be associated with an Al=O surface species, although the motivation for studying this model was to explore the possible role of water adsorption; this structural model was not favoured by the analysis.
Here we present the results of a quantitative experimental investigation of the surface structure of as-prepared epitaxial V 2 O 3 (0001) film grown on Pd(111) using the technique of scanned-energy mode photoelectron diffraction (PhD). Photoelectron diffraction [25, 26] 
Experimental and computational details
The experiments were conducted in an ultra-high vacuum surface science end-station equipped with typical facilities for sample cleaning, heating and cooling. This instrument was installed on the UE56/2-PGM1 beamline of BESSY II which comprises a 56 mm period undulator followed by a plane grating monochromator [28] . Different electron emission directions can be detected by rotating the sample about its surface normal (to change the azimuthal angle) and about a vertical axis (to change the polar angle). Sample characterisation in situ was achieved by LEED and by soft-X-ray photoelectron spectroscopy (SXPS) using the incident synchrotron radiation. Both the wide-scan SXPS spectra for surface characterisation, and the narrow-scan O 1s and Ti 2p spectra used in the PhD measurements, were obtained using an Omicron EA-125HR 125 mm mean radius hemispherical electrostatic analyser, equipped with seven-channeltron parallel detection, which was mounted at a fixed angle of 60 to the incident X-radiation in the same horizontal plane as that of the polarisation vector of the radiation.
The V 2 O 3 (0001) films were grown on a Pd(111) substrate using methods initially characterised by the group of Netzer and coworkers [6, 7, 9] . The Pd(111) substrate was first cleaned in situ by cycles of 1 keV Ar + ion bombardment and annealing to 600ºC to achieve a clean (1x1) ordered surface as indicated by SXPS and LEED. The oxide films were then grown from a vanadium rod evaporator in an oxygen partial pressure of 2x10 -7 mbar at a rate of 0.5 ML/minute, based on a calibration (in UHV) of the V evaporation source using a Quartz Crystal Monitor with a typical total deposition time of ~30 min; 1 ML here corresponds to a complete V 2 O 3 layer (i.e. one O layer and two V half-layers or one V'OV unit in the bulk layer structure) in V 2 O 3 (0001). The Pd(111) substrate was held at ~300 C throughout the dosing. After the evaporator was switched off the sample was cooled in stages to ~150 C with the oxygen partial pressure retained. After then pumping out the oxygen to restore UHV the sample was heated for 1-2 minutes to ~400 C to improve the surface ordering. Higher annealing temperatures were not used after preliminary studies revealed that Pd diffusion occurred into the film from the substrate at angle of 60º leading to some enhancement in the surface specificity. As has been remarked by previous authors [29, 4] , the spectral widths of the V 2p peaks from V 2 O 3 are significantly larger than those typically seen from V 2 O 5 . Early discussions of the origin of this effect centred on electronic many-body effects in the valence electrons or multiplet splitting [30] , but more recent papers have suggested it is due to the presence of at least two chemically-shifted components; in particular, a component at lower kinetic energy (higher binding energy) by ~2.0 eV has been attributed to emission from surface V atoms, and specifically to those in vanadyl V=O groups [4, 12] . The fact that this component appears relatively more intense at grazing emission angles supports the idea that this is a surface-specific signal. We may note, however, that the V 3p photoemission spectrum recorded from V 2 O 3 shows three distinct components ( fig. 2 ), and at least some of this complexity seems likely to have its origins in multiplet splitting, which is expected to be significantly more important for the 3p emission [30] . fig. 1 ). Each of these data sets was processed following our general PhD methodology (e.g. [25] ) in which the individual EDCs are fitted by the sum of Gaussian peaks, associated steps and a template background extracted from the high kinetic energy tails of the individual EDCs.
In the case of the V 2p 3/2 emission, attempts were made to achieve a reliable separation into the two chemically-shifted components described above. If one component really is due to vanadyl vanadium atoms on the surface, the PhD spectra of this component should provide significantly greater surface specificity in the structural analysis. However, no reliable separation of the components proved possible, so this signal was represented by a single (broad) Gaussian peak. We should note that previous separations of the two components have been performed on (individual) spectra measured at grazing emission angles, leading to a significant enhancement in the relative intensity of the surface component. In our PhD data, the emission angles were chosen to optimise the photoelectron diffraction effects, rather than to enhance the surface specificity. Thus, it is clear that in the V 2p spectrum shown in fig. 2 , at a polar emission angle of 60° and a kinetic energy of ~100 eV, a reasonable separation of the main peaks and the low kinetic energy shoulder ought be achievable. Most of the PhD data that yielded reasonable diffraction modulations, however, were recorded near normal emission, with substantially reduced surface specificity. Moreover, the PhD data include measurements up to kinetic energies of ~300 eV, at which both the monochromator and electron spectrometer resolution is inferior, and the surface specificity is further reduced. It is certainly possible that individual spectra recorded at normal emission and higher kinetic energy, but using higher instrumental resolution and very much longer (at least 10x) data collection times, might allow the peak separation to be achieved, but the total collection times for the many spectra needed to record a PhD modulation spectrum in even a single emission geometry would become prohibitive.
The intensity of the O 1s and V 2p 3/2 peaks extracted in this way were then plotted as a function of kinetic energy, I(E) . The shape of I(E) contains not only the PhD modulations, but longer period variations due to the transmission functions of the monochromator and the analyser, as well as the variation in the atomic photoionisation cross-section. These effects are approximated by fitting a spline, I 0 (E), through I(E). The PhD modulation function, (E), is then given by
These PhD modulation spectra form the basis of the structure determination. The method of achieving this is based on multiple scattering simulations for trial model structures which are compared with the experimental modulation spectra. These calculations were performed with computer codes developed by Fritzsche [31, 32, 33] that are based on the expansion of the final state wave-function into a sum over all scattering pathways which the electron can take from the emitter atom to the detector outside the sample. Key features are the treatment of double and higher order scattering events by means of the Reduced Angular Momentum Expansion (RAME) and inclusion of the effects of finite energy resolution and angular acceptance of the electron energy analyser analytically.
Anisotropic vibrations for the emitter atom and isotropic vibrations for the scattering atoms are also taken into account. The quality of agreement between the theoretical and experimental modulation amplitudes is quantified by the use of an objective reliability factor (R-factor) defined [25, 26] such that a value of 0 corresponds to perfect agreement and a value of 1 to uncorrelated data. Note that our general methodology is to calculate the R-factor from the complete set of experimental PhD spectra used in the theory/experiment comparison. In addition to this value of R global , however, one can calculate R-factors for individual PhD spectra recorded for a particular emitter in a particular geometry, and in the present analysis we will stress the utility of one such parameter.
Because our experimental O 1s and V 2p 3/2 PhD data do not distinguish between O and V atom emitters in the surface and the bulk, the calculations were performed by summing (incoherently) the results of calculations conducted for emitter atoms in several outermost near-surface layers. The attenuation of the signal from subsurface layers due to inelastic scattering, combined with multiple elastic scattering, included in the multiple scattering simulations, ensures that a relatively small number of layers contribute to this summation.
In the present case it was found that summing over 4 layers (each layer comprising one O layer and two V half-layers -i.e. one V'OV slab) was sufficient to achieve reasonable convergence and a consistent description of the resulting PhD spectra.
PhD results and multiple scattering calculations
The overall objective of the structural analysis for V 2 Table 1 ) corresponding to a half-metal bulk termination with added vanadyl O atoms (…V'OV=O), using the interlayer spacings found in the DFT calculations of Czekaj et al.. The experimental data set used for this model, and all other models considered here, comprises four O 1s and three V 2p 3/2 PhD spectra. These spectra were chosen from an original larger set of fifteen spectra, eight O 1s and seven V 2p 3/2 , in order to allow the full structural optimisation calculations to be completed in a realistic time-scale. In selecting this subset of spectra we note that a characteristic feature of most of the experimental spectra from this surface is very weak modulations, in many cases less than 10%. In PhD studies from adsorbate atoms occupying single highsymmetry sites and measured in near-neighbour backscattering directions, we have commonly observed modulation amplitudes of 40% or more, and in these cases both the experimental data and the theoretical calculations can be expected to be at their most reliable. In these situations low R-factors (generally ~0.20 or less) are found for the bestfit structural models. For adsorbate atoms in low symmetry sites, weaker modulations (~20%) are generally seen due to the effect of averaging over symmetrically-equivalent domains, and the resulting best-fit R-factors are larger (~0.30-0.40). The present system, involving emitters in multiple layers with distinct local geometries, is therefore one in which weak modulations may be expected, and this necessarily lowers the reliability of the data and the calculations, despite considerable care to establish reproducibility in the main experimental modulations measured from several different surface preparations.
Much higher minimal R-factors are therefore to be expected. Nevertheless, the most important criterion used to select the optimal subset of PhD spectra was the sensitivity of the simulations to the structural model. All of the spectra excluded from the final optimisation showed very weak variations in the single-spectrum R-factor between different structural models. for the energetically-optimised vanadyl-terminated structure is no better than modest, a subjective judgement supported by the rather high global R-factor value of 0.63. Table 1 shows the structural parameter values used in the full range of initial test structures. Table 1 , all these structures give high R global values in the range 0.63-0.77.
In addition to R global , Table 1 shows the values of the R-factor obtained for just one of the PhD spectra, namely that recorded at normal emission from the V 2p 3/2 photoemission peak. As is shown in Fig. 3 , this experimental PhD spectrum is the one that shows the strongest modulations, apparently dominated by a single period, and as such is the spectrum we might expect to be best reproduced by multiple-scattering calculations for the correct structural model. This judgement is also reflected in the associated R-factor values, which not only show a much larger spread for the different structures (0.19 to 0.85), but also have a lowest value in the range to be expected for a good fit. This large variation in the quality of the fits is also seen in the visual comparison of the theoretical calculations and this experimental PhD spectrum shown in Fig. 4 . We have therefore used this single-spectrum R-factor as an additional criterion in distinguishing the structural models. This criterion rather clearly favours the group of test structures involving the vanadyl half-metal termination, with the interlayer spacings calculated by Czekaj et al. giving rather good agreement for this one spectrum, as reflected in the single-spectrum R-factor of 0.19, and also in visual inspection of fig. 3 .
Of course, so far we have only compared the results for constrained structural models in which all interlayer spacings were fixed on the basis of a simple guess (bulk termination) or using the results of previous DFT calculations. We may expect to find significantly better fits to the PhD spectra by a structural optimisation, adjusting each of the structural parameter values. To achieve this we made use of the automated search procedure based on a Newton-Gauss algorithm that is built into the Fritzsche multiple scattering codes. In searching in a multi-parameter space it is important, of course, to ensure that one locates the global minimum, and for this reason it is helpful to start the optimisations from different sets of initial parameter values. In addition, the results of Table 1 failed to contract in the same way as all the other solutions. We infer that the optimisation procedure in this case has failed to get out of a local minimum in structural parameter space, as this is clearly not the global minimum. A comparison of the experimental and theoretical PhD spectra for the best-fit (non-vanadyl) half-metal termination model of Table 2 is shown in Fig. 5 . While the agreement is still far from perfect, the theoretical spectra do reproduce all the main features of the experimental data quite well.
A striking feature of the results of Table 2 is that while the initial tests without structural optimisation (Table 1) , found the vanadyl-covered half-metal termination to be consistently preferred, full optimisation finds lower R-factor values for the half-metal termination without the surface vanadyl O atoms. Is this difference significant, and what is the precision of the interlayer spacings? To answer these questions we use an approach based on that of Pendry which was derived for LEED [34] . This involves defining a variance in the minimum of the R-factor, R min ,
where N is the number of independent pieces of structural information contained in the data. The detailed way N is calculated is specific to the multiple scattering codes used in our analysis, and is described in more detail elsewhere [35] . All structural models and parameter values giving structures with R-factors less than R min + var(R min ) are regarded as falling within one standard deviation of the 'best fit' structure.
In general these criteria have been applied to R global , but recognising that specific PhD spectra (recorded from a particular emitter in a favoured direction) can show particularly strong sensitivity to one or more structural parameters, it is also relevant to consider the effect of applying similar criteria to individual spectral R-factors. Of course, the data range in such a spectrum is smaller than in the complete data set, so even if the associated R min is smaller, the associated variance may not be. As shown in Table 2 PhD spectra, one of which proves particularly sensitive to other structural parameters.
In order to estimate the precision of the interlayer spacing values given in Table 2, calculations were performed in which each layer of atoms was displaced perpendicular to the surface until the R-factor values fell outside the variance, in all cases keeping all other atoms fixed. This provides a measure of the precision of location of each atomic layer.
Strictly, of course, the interlayer spacings involve the effects of imprecise knowledge of the exact location of two layers, but the correct way to combine these errors is not clear.
The usual addition of errors in quadrature assumes the errors to be uncorrelated, but this is not the case. For example, displacing emitter atoms in layer n (where n increases as one moves below the surface) means that the interlayer spacing of this atom is changed relative to all the underlying atoms, so the precision in this parameter determined in this way is probably better that the true precision in the interlayer spacing between layers n and n+1. However, moving atoms in layer n+1 alone also changes the interlayer spacing between layers n and n+1, so adding the two errors in quadrature would count some sources of error twice, and thus underestimate the precision. It is probably most appropriate, therefore, to regard the larger of the errors in the location of the individual layers as indicative of the precision of the interlayer spacing. These error estimates are shown separately in Table 3 . As we have already noted, the V 2p normal emission spectrum (with a very low R-factor for some structures) proves very sensitive to some individual structural parameter values, and in these cases this R-factor exceeds the variance even when R global lies within the variance. The error estimates given in Table 3 correspond to those associated with the more sensitive R-factor of each parameter. Table 4 ) were much smaller.
General Discussion and Conclusions
Of course, in the absence of lateral movements of the atoms within the layers, the large relaxations in the interlayer spacings in all of these surfaces would lead to large changes in the metal-oxygen nearest-neighbour bondlengths. In the case of the SXRD study of Al 2 O 3 (0001) the possibility of lateral movements in the outmost O layer atoms was investigated to explore this possibility, and it was found that the best fit corresponded to radial movements of these O atoms away from the location of the adjacent Al atom in order to keep the local Al-O distance constant [19] . By contrast, in the LEED investigation of the Cr 2 O 3 (0001) surface, no evidence for significant radial movements of the O atoms parallel to the surface was found [21] . To explore this possibility for V 2 O 3 (0001) additional calculations were performed for the half-metal termination, starting from the best-fit structure as detailed in Table 2 , in which this lateral expansion was explored together with re-optimisation of the outermost interlayer spacings. This surfaces. The best-fit structure does not include the expected vanadyl V=O capping of this outermost half-metal layer, but a structure with closely-similar interlayer relaxations that includes the surface vanadyl species has associated R-factors that lie within our estimate variance. We cannot, therefore, exclude this alternative, vanadyl-terminated, structure. In part this failure to distinguish these two models may be attributed to the small number of vanadyl O atoms in this termination, compared to the number of subsurface O emitter atoms that contribute to our measured O 1s PhD spectra. A second factor, however, is the large variance associated with the rather high minimum value of the global R-factor for the best-fit structure. This high R-factor value may be attributable to the weak PhD modulations seen in most of the measured spectra. suggests that the source of the common problem may be different. Table 1 . Table 2 . Table 3 .
